Background: To confirm the feasibility and explore the clinical applicability of amplicon sequencing by next generation sequencing (NGS) of biopsy samples from patients with advanced solid tumors, we conducted a prospective study. Methods: Patients with unresectable, advanced, or recurrent solid tumors were included. Key eligibility criteria were as follows: 20 years or older, any planned systemic therapy, adequate lesion for biopsy, and written informed consent. Samples were fixed in 10% buffered formalin and embedded in paraffin. Cancer-derived DNA was extracted, and amplicon sequencing was performed using Ion Ampliseq TM Cancer Hotspot Panel version 1.0 or version 2.0 by central vendor.
Introduction
Recent advances in molecular medicine for patients with advanced solid tumors revealed that cancer genome alteration was crucial in the selection of systemic therapy, especially molecular-targeting agents. For example, patients with non-small cell lung cancer harboring epidermal growth factor receptor (EGFR) mutation could greatly achieve clinical benefit from EGFR tyrosine kinase inhibitors (TKI) (1) (2) (3) . In addition, in colorectal cancer patients whose tumor possesses any RAS mutation, anti-EGFR antibody is not effective (4, 5) . An increasing number of such druggable or actionable gene alterations, which could affect treatment choice, have been discovered recently across cancer types. Therefore, there is an urgent need to examine gene alterations using small amount of tumor samples obtained from biopsies.
Compared to Sanger sequencing and real-time PCR, next generation sequencing (NGS) is much faster and costs lesser for sequencing DNA and RNA (6) (7) (8) (9) . However, the feasibility of analyzing pan-cancer gene panel by NGS using small amount of biopsy materials is not fully established in terms of analytical validity, clinical validity, clinical utility, and ethical/legal/social issues (10) . To introduce pan-cancer gene panel by NGS into clinical practice, feasibility including safety of biopsy, success rate of sequencing, and annotation should be established prospectively. For annotation, a previous study employed multi-disciplinary tumor board to interpret the sequencing results (11) . We conducted an 'ABC study (Analyses of Biopsy Samples for Cancer Genomics)' to investigate the feasibility and explore the efficacy of a pan-cancer gene panel by NGS from biopsy samples in patients with advanced solid tumors.
Materials and methods

Objective and study design
The ABC study was a prospective observational study to identify the profile of targeted somatic mutations in solid tumors. It was approved by the institutional review board in accordance with the Japanese Ethical Guidelines for Epidemiological Research.
Patients
Inclusion criteria for the present study were as follows: (i) Patients with unresectable, advanced, or recurrent solid tumors including malignant lymphoma; (ii) 20 years or older; (iii) Systemic therapy (chemotherapy, endocrine therapy, or molecular-targeted therapy) is conducted or planned; (iv) Adequate lesion for biopsy; (v) Written informed consent; (vi) Expected adequate amount of DNA for sequencing (at least 10 ng of double-stranded DNA). If the biopsy was not assumed to be safe, the patient would be excluded.
Sample preparation
Biopsy of primary or metastatic site was planned in all participants. Acquired tissues were fixed in 10% buffered formalin within 48 hours and embedded in paraffin. Pathologists evaluated the proportion of tumor cells in the specimen. In general, samples including 10% or more tumor cells were considered eligible for further analyses. Thereafter, DNA was extracted from whole formalin-fixed paraffin embedded (FFPE) blocks. In case the whole FFPE block was unavailable, thin-sectioned samples (5 μm for five sections) were used. If the biopsy sample was not appropriate for further analysis, re-biopsy was recommended. In case re-biopsy was not feasible, an archival sample from a previous biopsy or surgery was used. 
DNA extraction and amplicon sequencing
Expert panel for annotation and report
We organized an expert panel, which was a multi-disciplinary intramural cancer board consisting of specialists in medical oncology, pathology, molecular medicine, genetics, and bioinformatics. The meetings of the expert panel were held twice a month to discuss the results, give annotation and make reports.
Feasibility and efficacy
To explore the feasibility, we assessed the success rate (defined as the ratio of the number of successfully sequenced samples to the number of all enrolled patients), the safety of biopsy, and the time from sending tissues to the clinical laboratory for sequencing to receiving results from the laboratory. 
Results
Patient characteristics
Between July 2012 and September 2014, samples from 208 of 232 patients (success rate of 89.7%) were successfully sequenced ( Fig. 1 
Adequate samples were obtained from biopsies
Two hundred and twenty-nine patients underwent biopsies, and adequate samples were obtained from 214 (93.4%) patients. Endoscopic biopsies were performed in 135 patients (58.2%), and CT-or ultrasound-guided percutaneous biopsied in 60 patients (25.9%). Our procedures were generally safe, with only one case of Grade 3 adverse event related to the biopsy procedure (vasovagal reaction). In 7 of 18 cases where the tissue was not considered adequate for subsequent analyses (mainly because samples did not contain any tumor cells), the archival tissue was used; therefore, a total of 221 samples were forwarded to DNA extraction and subsequent amplicon sequencing. The mean proportion of tumor cells in the specimen was 56.6% (Table S3) . Among the 208 successfully sequenced samples, whole FFPE blocks were used in 171 cases, and thin-sectioned samples were used in 37 cases (Table 2) , and between them the proportions of tumor cells were not significantly different (58.1% vs. 50.0%, P = 0.129). The mean amount of doublestranded DNA in 208 patients was 4651.9 ng. The mean amount of DNA was significantly larger (P < 0.001) in samples from FFPE blocks (5369.9 ng) than that from thin-sections (1333.8 ng) ( Table 2 ). In terms of biopsy site, the amount of DNA tended to be smaller in samples from liver biopsy and core-needle biopsy from breast (P < 0.001); however, only three cases were under 100 ng, so further analyses were successfully performed. In 24 cases, DNA was not retrieved by the laboratory-determined procedure, so amplicon sequencing was successfully performed in a total of 208 cases. The main reason of failure in DNA extraction was inadequate tumor cells in specimens.
Multiplex amplicon sequencing successfully detected genomic alterations
Turnaround time, defined as the median time from the submission of tissue to the clinical laboratory for sequencing to receiving results, was 9 (7-24) business days. The results are shown in Fig. 2 Figure 2 . Frequency of nonsynonymous/nonsense mutations and indels in the entire cohort. TP53 mutations (41.8%) were the most frequently observed protein-altered mutations, followed by KRAS (16.3%), STK11 (12.5%), PIK3CA (12.0%), KIT (12.0%), MLH1 (7.2%), APC (5.8%), CTNNB1 (5.8%), MET (5.8%) and BRAF (4.8%) mutations. (14) and variant frequencies, top five common tumor types harboring the detected mutations, annotations of mutations, information of matched drugs (including investigational new drug trials), and comments by the expert panel.
DNA, COSMIC (Catalogue of Somatic Mutations in Cancer)-registered mutations detected in individual cases
Discussion
In this study, we clearly demonstrated the feasibility of investigating mutations by NGS in clinical practice by showing the safety of biopsy, high success rate (89.7%) and acceptable turnaround time (median 9 days from the submission of samples to obtaining results). Previous reports demonstrated that among 1528 samples submitted for testing, 343 (22.5%) failed to produce results for pre-analytic or analytic reasons (15) . Therefore high success rate of our study might be due in part to the adequate samples obtained by afresh biopsies. Although less amount of DNA was obtained by liver biopsy or core-needle biopsy from breast than endoscopic procedure, it was sufficient to conduct mutational analyses. We used samples from whole FFPE blocks in most cases; however, the amount obtained by samples from thin-section materials was 1333.8 ng in average, which was sufficient for not only targeted resequencing but also whole exon analysis.
Despite of accumulating evidence of analytical and clinical validity (16) (17) (18) , to elucidate the clinical applicability of multiplex amplicon sequencing by NGS is somewhat troublesome. One problem is that the appropriate endpoint for clinical utility is yet to be determined. One approach is to evaluate the proportion of patients who could participate in the trial of investigational new drug. However, this endpoint is strongly interfered by accessibility to the trial for new drugs. We alternately employed the proportion of patients with actionable mutations, which enables us to evaluate directly the efficacy of cancer panel. However, obtaining the information of predictive biomarkers of non-responsiveness to targeting therapy, such as RAS mutations, is also important to avoid ineffective treatment, so this endpoint is not valid yet. Although a recent report suggested improved survival in patients receiving a matched targeted agent (19) , there is an urgent need to establish the clear and valid endpoint.
We used two versions of cancer panel, Ion Ampliseq TM Cancer
Hotspot Panel version 1.0 and version 2.0 in a chorological way. Between the two panels, the proportion of common or druggable mutations was not significantly different, although nonsynonymous mutations were numerically more detected in version 2.0. This means that to detect common druggable mutations, the 'core' panel, which covers appropriate common mutations, is sufficient and may be cost-effective. However, to detect minor mutations, NGS-based large panel such as Ion Ampliseq TM Cancer Hotspot Panel version 2.0 may be useful and could be applied to examine novel drugs that potentially target minor mutations. Our study has several limitations. First, our panel could not detect fusions and amplifications. Currently, we employ another panel which can examine amplification and fusion as actionable genomic alterations (20) . Second, the sample size was small. One of the next steps is a nationwide cancer genome screening project (SCRUM-Japan) to detect minor mutations and facilitate enrollment of patients in clinical studies for investigational new drugs (UMIN000010234, UMIN000016343, UMIN000016344) (21) .
We organized an expert panel to discuss the procedure and results, make annotations and reports, and discuss concomitant ethical/legal/social issues. We suggest the utility to organize multidisciplinary boards such as our expert panel for discussing the results, as many physicians reported lack of confidence in the interpretation of genomic alterations (22) . Moreover, to expand such genomic testing to multi-institutional study, education for individual physician is critical because a multi-institutional expert panel is not pragmatic as the study scales up. In addition, the reporting system should be established. Consultation for genetic specialists and social maturity for ethical/legal issues including legislation are also essential.
In conclusion, we established the feasibility and suggested the clinical applicability of NGS-based amplicon sequencing using FFPE samples obtained from biopsies. Biopsies were generally safe and median turnaround time of 9 business days was acceptable for introduction to clinical practice. Further investigation is required to improve the potential clinical utility of NGS that covers mutations as well as amplification and fusion drivers.
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